A novel internal printed antenna suitable for triple long-term evolution (LTE) bands for handheld devices is presented. The operating bandwidths of the design are LTE700 (698∼800 MHz), LTE2300 (2300∼2400 MHz), and LTE2500 (2500∼2690 MHz). Through the use of a C-shape broadside coupled feed structure, full operation in the lower band is achieved. The antenna itself uses two unequal path lengths to produce a low frequency band with two resonant modes. The required bandwidth is then adjusted using a couple feed, and finally placed over a ground plane via another C-type coupling element in order to enhance the two lowfrequency matches. In the definition of the −6 dB reflection coefficient, the bandwidth of two basic modes in the low frequency band is 0.689∼0.8 GHz. We adopt the definition of the −10 dB reflection coefficient for the high frequency mode, and its working frequency bands are shown to be 2.3∼2.72 GHz. The antenna size is only 40 × 12 × 0.8 mm 3 with a ground plane of 98 × 40 mm 2 .
Introduction
In recent years, mobile communication requires a handheld mobile device to function on multiple communication systems which has made the multiband mobile antenna increasingly important [1] [2] [3] . In view of the growth of consumer demands for speed and bandwidth, the fourth generation of long-term evolution (LTE) mobile communication technology has been developed. However, the requirement for lower and wider frequency bands has increased the difficulty of antenna design. The bandwidth achievable from a conventional planar antenna is often insufficient. Although the use of 3D concepts is able to increase bandwidth, this approach also increases the thickness of the resulting device. In [4] , a planar structure was used to design an antenna functioning in the LTE700/LTE2300/LTE2500 bands. Although the design was capable of covering whole frequency bands, it required a relatively large surface area for its implementation. In [5] , a relatively smaller planar structure was used to design a multiband antenna, which also covered the frequency bands of LTE700/LTE2300/LTE2500. However, in this case the low frequency section failed to cover the entire band; it narrowed the relative bandwidth of the planar structure covering the same area as the 3D structure. This is because a 3D structure can often use its side to widen the wire and decrease the value in order to increase its operational bandwidth. In [6] , the use of a magnetic material substrate overcame the observed shortcomings. The magnetic permeability from the magnetic material significantly reduced the electrical length of the low frequency band. However, it simultaneously increased hysteresis loss and decreased the gain. In addition, high-quality factors resulted in an insufficient bandwidth. A multiband loop antenna was proposed in [7] . The antenna structure is relatively large, yet the design easily meets the required bandwidth. The antenna was designed by observing the structure of the antenna current density in order to widen where the density is weak to achieve a broader band. This paper presents a miniaturized printed antenna design for a mobile communication device, which operates at frequency bands meeting the required operating bandwidths 
Figure 1: The geometry of the proposed compact printed antenna (a) with system ground, (b) top view, and (c) bottom view.
of LTE700, LTE2300, and LTE2500. The antenna design uses a base band and second harmonic in combination with different resonance paths to achieve the desired operating bandwidths. Through the use of a coupling feed and imbedding a C-shape coupler underneath, the proposed antenna achieves excellent impedance matching within the operating bands.
Proposed Antenna Design
The overall structure of the proposed LTE concealed multiband mobile communication antenna is shown in Figure 1 In Figure 1 (b) the top view of the antenna radiating body is shown. The antenna mainly contains two radiation paths, which are labeled (A-I) and (D-I); the two paths of resonant frequencies generate the required operating bandwidth for the LTE700 frequency band. The physical length is approximately two resonance frequencies of 1/4 of the required resonant length. In Figure 1 (c) the bottom view of the antenna is shown. We used a C-type coupler in the back of the antenna. The detailed dimensions of the parameters are listed in Table 1 . The parameters and dimensions of the proposed antenna are achieved by using the full-wave electromagnetic simulator, which is Ansoft high frequency structure simulator (HFSS) [8] . The antenna adopts a coupling feed structure, which can increase the capacitance effects from the antenna feeding to improve the inductive effects produced by the thin metal wire. It can significantly improve input impedance of the antenna and make it easy to match the characteristic impedance of the system. However, since the design of this antenna is limited by the size, it is not suitable to use the traditional interdigital coupling feed structure to generate enough capacitance. Therefore, by imbedding a C-type coupler behind the original coupling feed we can dramatically increase (and, in conjunction, improve) the capacitance effects of the required antenna matching. The structure of the coupling feed will be analyzed in detail in the next paragraph.
Results and Discussions

Resonance Mechanism of the Proposed Antenna.
In order to measure the proposed antenna characteristics, we use an SMA connector with a 50 ohm characteristic impedance in the actual experiments. Its center conductor is connected to the microstrip line, and the outer ground is connected directly to the system ground plane. In Figure 2 the experimental prototype is shown, while Figure 3 shows the simulated and measured reflection coefficients. The simulated and measured antenna reflection coefficients are in agreement, albeit with a minor variation at the edge of the frequency band caused by inaccuracies in the material when actually fabricating the plates. In the low-frequency part, defined by a −6 dB reflection coefficient, the operating bandwidth can be up to 110 MHz (690∼800 MHz), which contains the LTE 700 full-band operation required bandwidth. In the high-frequency part, using the −10 dB reflection coefficient definition, it can cover the entire required frequency of the LTE2300/2500 operating bands. The antenna measurement is seen to reach a high-frequency bandwidth up to 410 MHz (2300∼2710 MHz). In order to accelerate the analysis of the antenna radiation characteristics and reduce the material waste caused by constant implementation, we used the HFSS [8] to analyze the relevant characteristics of the antenna. The antenna current distribution determined by the simulation is shown in Figure 4 , which is obtained from the observation of each band in Figure 3 . In the observed frequency ranges, the four resonant frequency points are 724, 774, 2320, and 2550 MHz, which correspond to the simulated current distribution as shown in Figures 4(a)∼4(d) . We first observed the current distribution of the two low frequencies of the resonant frequency points. In order to meet the resonance boundary condition of short to open circuit, the main resonant path is approximately a physical length of 1/4 of the resonant frequency. To observe the current distribution of the first resonant frequency point in the high-frequency band, the main resonance frequency mechanism is the base frequency multiplication of the low resonant path. Therefore, by observing the current distribution we can witness the current null point generated from the resonance. To observe the current distribution of the second resonant frequency point in the high-frequency band, the main current distribution is concentrated on the right side of the conductor and the distribution is approximately 1/4 of the monopole antenna.
Parametric Analysis.
As mentioned above, due to a limited design space, this antenna cannot use an interdigital coupling feed to dramatically increase the capacitance effect. Therefore, a C-shape coupler was added behind the parallelcoupled feed line to increase the required capacitive effect for impedance matching and improve the matching within the antenna operational band. In Figure 5 the simulated reflection coefficient graph of the antenna embedding with and without the C-type coupler is shown. The embedded C-type coupler under the coupling feed line improves the antenna's impedance characteristics. Specifically, in the low frequency range, without the coupler, the matching condition on the conjunction of the two resonant frequency points is not satisfied; however, with the addition of the coupler, the impedance characteristics of the low frequency band are significantly improved and can easily meet the −6 dB reflection coefficient definition. The simulated reflection coefficient graph for the proposed antenna design when varying the parameter 1 is shown in Figure 6 . Since this path mainly generates the first resonant frequency (724 MHz) of the required physical length of the resonator, we can observe a change in the resonant frequency points by changing the length 1 . Appropriate adjustment of this length can satisfy the low frequency band (698 MHz) within the LTE700 operation band. In this paper, the optimal length for 1 was 36 mm. The simulated reflection coefficient graph when varying parameter 2 is shown in Figure 7 . The simulation result shows that when 2 is changed, the second resonant frequency point of the low frequency band is changed. Therefore, appropriate control of the length 2 can make the second resonant frequency point of the low frequency cover the high frequency points of the LTE700 operating bandwidth. In this paper, the optimal International Journal of Antennas and Propagation Frequency (GHz) Frequency (GHz) Frequency (GHz) length for 2 was 34 mm. Appropriate control of the two parameters 1 and 2 ensures that low-frequency operation fully covers the bandwidth required for LTE700 operation. Through the embedding of the C-type coupler to improve the impedance matching at the junction, the two resonant frequencies can meet the full bandwidth operation requirement. In addition, because the high frequency operation of this antenna is the harmonic of the low-frequency resonant path, proper control of these two parameters can also make the high frequency cover the bandwidth required for LTE2300 operation.
The simulated reflection coefficient when varying the parameter 3 is shown in Figure 8 . The second harmonic for the high frequency operation is a monopole antenna with a 1/4 wavelength. We observe that as the length is changed, the resonant frequency varies. Therefore, appropriate control of the parameter can make the antenna operation fully cover the bandwidth required for LTE2500 operation. In the present work we design the antenna by adjusting the three parameters mentioned above, which can completely cover the range of the three LTE frequency bands.
Radiation Characteristics.
The simulated and measured 3D radiation pattern of the proposed antenna design at low and high frequency is shown in Figures 9 and 10 , respectively. The pattern in three different cuts is similar between the simulated and measured results. In Figure 10 (a) the measured 3D radiation pattern of the antenna at a central frequency of 750 MHz is shown. A nearly omnidirectional radiation pattern is observed in the -plane. The characteristic of the radiation is ideal for handheld devices. The 3D radiation pattern of the designed antenna measured at 2500 MHz is shown in Figure 10(b) . Since the resonance mechanism at higher bands is a higher order mode, a null point could be observed at a higher frequency band. However, the radiation pattern remains in the horizontal section ( -) with an omnidirectional radiation pattern, which is also conducive to handheld devices for wireless communication reception.
The measured antenna gain and efficiencies at low and high frequency are shown in Figures 11(a) and 11(b) , respectively. In the former, the antenna gain variation is from −0.05 dBi to −2.8 dBi and the variation of the antenna efficiency ranges from 36.5% to 50.5%. Since this antenna is a miniaturized antenna when operating in the low frequency band, the radiation efficiency is relatively unaffected by the limitation of the miniaturized design. However, in comparison to the reference design, the antenna presented here still meets LTE700 operational requirements with respect to gain and radiation when operating at low frequency. From Figure 11 (b), the gain variation at the high frequency band is seen to vary from 3.4 to 2.1 dBi while the antenna efficiency concurrently varies from 76.3% to 67.1%. We can see that the proposed design is capable of stabilizing the antenna gain and efficiency.
International Journal of Antennas and Propagation 
Conclusion
This paper proposes a multiband LTE antenna design for internal mobile device use. Since the antenna adopts a printed design, the actual production is cost effective and easily integrates with mobile systems. The antenna defined by the −6 dB reflection coefficient at low frequency can resonate within a bandwidth of 110 MHz (689∼800 MHz). At high frequency under the −10 dB reflection coefficient definition the antenna is capable of reaching a 410 MHz (2.3∼2.71 GHz) operational bandwidth. The antenna at low frequency utilizes two adjacent resonant frequencies to create a wider band and successfully uses a C-type coupling element to enhance impedance matching. Therefore, this antenna design can completely cover the required operational bandwidths of LTE700, LTE2300, and LTE2500. Our experimental results have shown that the antenna possesses favorable radiation characteristics irrespective of operation at low and high frequency bands.
